Objective Acrylamide, a probable human carcinogen, is formed during high-heat cooking of many common foods. The validity of food frequency questionnaire (FFQ) measures of acrylamide intake has not been established. We assessed the validity of acrylamide intake calculated from an FFQ using a biomarker of acrylamide exposure. Methods We calculated acrylamide intake from an FFQ in the Nurses' Health Study II. We measured hemoglobin adducts of acrylamide and its metabolite, glycidamide, in a random sample of 342 women. Correlation and regression analyses were used to assess the relationship between acrylamide intakes and adducts.
Introduction
Acrylamide is classified as a probable human carcinogen. Before 2002, human acrylamide exposure was thought to be mainly from occupational and tobacco sources [1, 2] . In 2002, acrylamide was found to be formed by high-temperature cooking of carbohydrate-containing foods, including potato chips, French fries, and cold breakfast cereal [3] . This finding caused substantial alarm, and led to studies to assess whether acrylamide intake through foods increases cancer risk in humans.
Eight epidemiological studies have since been published on dietary acrylamide intake and risk of various cancers [4] [5] [6] [7] [8] [9] [10] [11] . Of these, only one has reported a significant increase in cancer risk among those consuming more acrylamide [11] .
Acrylamide intake in these reports was calculated using individuals' responses to food frequency questionnaires (FFQs) and data on the acrylamide content of foods. The acrylamide content of foods varies widely depending on specific cooking methods and other parameters (for review, see Stadler et al. [12] ). For instance, acrylamide is formed in roasting or frying, but not in boiling. Parameters such as length of cooking, cooking temperature, and even the water content or age of ingredients also affect acrylamide formation. Because of this wide variability in acrylamide content of foods, it is not clear how well typical FFQs measure dietary acrylamide exposure. Several studies have examined the validity of FFQ acrylamide measurements with varying results [13] [14] [15] , making it difficult to know whether the null results observed for acrylamide intake and cancer risk were the result of misclassified exposure or a true lack of effect.
Therefore, we conducted a validation study of FFQmeasured acrylamide in the Nurses' Health Study 2 cohort. We chose to use hemoglobin (Hb) adducts of acrylamide and its primary metabolite, glycidamide, to validate FFQmeasured acrylamide intake. Both acrylamide and glycidamide form bonds with the N-terminal valine of globin chains in hemoglobin [16] . These hemoglobin adducts would be expected to provide a time-integrated measure of exposure because the half-life of red blood cells is approximately 120 days [17] . A major advantage of comparing FFQ acrylamide intake to Hb adducts is that measurement errors in the FFQ are likely to be independent of errors in adduct levels. However, the two measures are not directly comparable, as the FFQ measures dietary intake, while adduct levels are also influenced by absorption and metabolism. Given this difference, the correlations between the FFQ and adduct measures can be seen as a lower bound of the true validity of the questionnaire assessment of acrylamide intake.
For the validation analysis, we constructed an acrylamide food composition database for the NHS II FFQ and calculated acrylamide intake for each woman. We compared these intakes with Hb adducts of acrylamide and glycidamide in a random sample of women in the Nurses' Health Study II. We were also able to assess the consistency of Hb adducts over time in a subset of women. This allowed us to correct our validation analysis for random within-person error in the adducts and to assess the utility of Hb adducts as an exposure measure for future studies.
Materials and methods

Study population
The Nurses' Health Study II cohort was established in 1989 when 116,609 female nurses between 25 and 42 years of age completed a mailed questionnaire. The women have since been followed every two years to update exposure and disease information. Every 4 years since 1991, participants have filled out a semi-quantitative food frequency questionnaire (FFQ) including over 130 food items. Participants are asked how frequently they have consumed each food item over the previous year and select from nine possible responses ranging from less than once per month to six or more times per day. We used the 1999 FFQ for this analysis because it was closest in time to collection of blood samples.
Between 1998 and 2000, 29,611 cohort members provided a blood sample. A subgroup of 304 women provided two to three blood samples over a period of 1-3 years. Blood samples were shipped overnight to our laboratory, where they were separated into plasma, red blood cell, and white blood cell components. All samples have been stored in continuously monitored liquid nitrogen freezers since collection. We selected a random sample of 342 women who had provided blood samples and completed the 1999 questionnaire. We measured acrylamide and glycidamide adducts to hemoglobin using red blood cell samples from these women. The median time from blood draw until the completion of the 1999 FFQ was 8 months; the timing ranged from blood draw 34 months prior to the FFQ to blood draw 6 months after the FFQ. In a subgroup of 45 women, we measured two blood samples to assess the reproducibility of blood acrylamide over time. The median time between blood samples for these women was 23 months with a range of 10-32 months. The blood sample collected closest in time to the 1999 FFQ was used as the main validation sample for these women.
Creation of acrylamide database
When possible, we used acrylamide values from the FDA's Exploratory Analysis of Acrylamide in Foods, which began in 2002 and continued as part of the FDA's Total Diet Study [18, 19] . We assigned values to foods not included in the FDA analyses in one of three ways: [1] imputation from a similar food with an analyzed value, [2] assumption of a zero value, based on knowledge of the conditions needed to form acrylamide, or [3] laboratory analysis by the laboratory of Karl-Erik Hellenäs at the Swedish National Food Administration in Uppsala, Sweden.
The foods sent for laboratory analysis were chosen either because the category of food is known to contain acrylamide but exact values were not available (for example, specific brands of cold breakfast cereal; low-fat muffins; roasted pistachios), or because analyses to date had not established whether the food contained acrylamide (for example, dried fruits). Foods consumed in larger amounts in the Nurses' Health Study and Health Professionals Follow-up Study were given priority for analysis. Foods analyzed included breakfast cereals (29 types), baked goods (10 types of pies, cakes, muffins), nuts (5 types), dried fruit (5 types), bread (4 types), grains (4 types), potato chips (2 types), chocolatecontaining candy (mix of 4 types), power/energy bars, chocolate ice cream, microwaved potatoes, and microwaved and baked sweet potatoes.
Breakfast cereals were given particular emphasis because they are a major source of acrylamide in American diets [20] and because the acrylamide content of breakfast cereals varies widely depending on ingredients and processing methods. As part of the FFQ, nurses report the brand of breakfast cereal they eat most often, allowing us to tailor our intake calculations for each participant. Acrylamide content of breakfast cereals without analyzed values were imputed based on analyzed cereals with similar grain composition and processing method.
All foods sent for analysis were a combination of at least three different samples of the food, either from different brands or from different production dates of the same brand.
Samples were processed at the Harvard School of Public Health and sent by express mail to the Swedish National Food Administration for analysis. Foods were analyzed for acrylamide content using the LC-MS-MS method described elsewhere [21] . The quantification limit (LOQ) was 1-5 lg/kg, depending on which type of food that was analyzed. The method has been evaluated in an international collaborative trial [22] . The relative repeatability (r) values were 4-9% for potato chip samples and 3-8% for bakery products. The corresponding reproducibility (R) values were 9-13% and 5-12%, respectively. Each food item was analyzed two or three times and the average acrylamide value was used.
Many FFQ items include multiple foods or multiple preparation methods for one food. For instance ''bagels, English muffins, soft pretzels, and rolls'' and ''potatoes, baked, broiled, or mashed'' are both single FFQ items which combine foods with different acrylamide contents. Other items, such as ice cream, cookies, or nuts, include a variety of food types or flavors which may vary in acrylamide content. For these types of items, we averaged values for all foods using weights based on either market share data or data on the consumption of different types of foods from pilot studies conducted every 4 years within the cohort. In all, 42 items from the 149-item FFQ contributed to acrylamide intake. The content of other food items was either zero or below the limit of quantitation of currently available analytic methods.
Measurement of blood acrylamide levels
We assessed acrylamide exposure by measuring hemoglobin adducts of acrylamide (AA-Hb) and glycidamide (GA-Hb), its primary metabolite, in red blood cells. These adducts reflect acrylamide exposure over the previous 4 months, the lifetime of red blood cells, and are a measure of the average internal dose [17] . Hemoglobin adducts were measured as described elsewhere [23, 24] . In brief, the N-terminal valines of hemoglobin with acrylamide and glycidamide attached were cleaved from the protein chain using modified Edman reaction with pentafluorophenylisothioisocyanate (PFPITC), as Edman reagent. The resulting Edman products (AA-Val-PFPTH, GA-Val-PFPTH) were extracted using liquid-liquid extraction and analyzed by HPLC/MS/MS. Calibrators, reagent blanks, and quality-control materials were processed the same way as the samples. Hemoglobin adducts concentrations were reported relative to the amount of hemoglobin used in the analysis. The detection limit for this method was 3 pmol/g Hb and 7 pmol/g Hb for AA-Hb and GA-Hb, respectively. The average inter-day variability of this method expressed as percent coefficient of variation was 13% for AA-Hb and 14% for GA-Hb determined with three blood pools (AAHb and GA-Hb concentrations in pmol/g Hb: Pool 1: 182 and 151, Pool 2: 119 and 101, Pool 3: 45.1 and 37.3) measured over 20 days.
Samples were processed in 12 batches. Samples for the women in the reproducibility subgroup were assayed in the same batch. The inter-batch coefficient of variation from masked replicate samples in each batch was 9.8% for acrylamide adducts and 10.9% for glycidamide adducts. A pilot study established that the collection methods used for blood samples in this cohort did not affect adduct levels.
Statistical analysis
Of the 342 women in the analysis, seven were excluded due to incomplete responses to the 1999 FFQ which prevented acrylamide intake from being calculated. Because smokers are exposed to much higher levels of acrylamide through tobacco use than through the diet (median adduct levels were 97.3 for AA-Hb and 137.5 for GA-Hb among current smokers, compared to 43.9 and 49.4 among never and past smokers), we excluded 36 women who smoked at the time of the blood draw or 1999 questionnaire, and three other women whose smoking status at the time of blood draw was unclear. This left 296 women in the validation sample. Reproducibility data were available for 45 of these women.
Hemoglobin adducts from acrylamide (AA-Hb) and from glycidamide (GA-Hb) were measured. We also calculated the sum of these adducts as these were present in approximately the same amounts, and we hypothesized that this would provide the best overall measure of dietary acrylamide exposure by accounting for differences among individuals in metabolism of acrylamide to glycidamide. All blood values were log-transformed to improve normality for correlation and regression analyses. Acrylamide intake was adjusted for energy intake using the residual method for most analyses [25] . We calculated partial Pearson correlation coefficients (with p-values) between the three Hb adduct measures and dietary acrylamide intake, adjusting for laboratory batch in all analyses, and adjusting for age and energy intake in some analyses. We also conducted correlation analyses stratified by time between blood draw and FFQ, by BMI category (C26 vs. \26), and by alcohol intake (none vs. some). There were no material differences in observed correlations among these groups, so only overall results are shown.
For the reproducibility analysis, we used data from the 45 women who gave two blood samples to calculate the intraclass correlation coefficient for each of the Hb adducts measures. We used data from the reproducibility study to de-attenuate validation correlations with the calculated intake for within-person error in blood levels. Confidence intervals for these corrected correlations were calculated according to Rosner and Willett [26] .
We used the top 20 acrylamide-contributing foods in the cohort to perform stepwise regression to find the best food predictors of acrylamide and glycidamide adducts. A food entered the model if it was individually predictive of adduct levels with p \ 0.15; foods stayed in the model if the p-value remained below 0.15 with the inclusion of other food variables. Age, laboratory batch, and energy intake were included in these models to reduce extraneous variation in adduct levels of acrylamide and glycidamide.
Results
Characteristics of the 296 women in the validation study subgroup are shown in Table 1 along with characteristics of the full cohort. Mean acrylamide intake was 20.1 mcg/ day in the full cohort and 19.3 mcg/day in the validation group. Intake in relation to body weight was 0.3 mcg/kg body weight/day, somewhat lower than the estimated 0.4 mcg/kg/day for the overall U.S. population including men and children [20] . Women in the validation group were slightly older and more likely to be post-menopausal than women in the full cohort. The two groups were very similar in macro-and micro-nutrient intakes and servings per day of major food groups. Figure 1 shows the contribution of various foods to acrylamide intake in this cohort. The major food sources of acrylamide were French fries (23%), caffeinated coffee (13%), cold breakfast cereal (12%), and potato chips (9%). These are similar to FDA estimates of food sources of acrylamide in the U.S. [20] . Table 2 shows characteristics of the validation group according to quartile of total acrylamide and glycidamide adducts (AA ? GA-Hb). Acrylamide intake as measured by the FFQ increased across blood quartiles from 15.5 mcg/day [0.22 mcg/kg/day] in the lowest quartile to 21.9 mcg/day [0.31 mcg/kg/day] in the highest quartile. Servings per day of major acrylamide-contributing foods also increased across quartiles. Women in the highest versus lowest quartile ate more French fries, coffee, cold breakfast cereal, and potato chips. Macronutrient intake was similar across quartiles, but alcohol intake was lower in the highest quartile. Alcohol and BMI were both associated with adduct levels independent of acrylamide intake. Adjusting for laboratory batch, age, and calorie-adjusted acrylamide intake, BMI was positively correlated with AA-Hb (r = 0.17, p = 0.006) and negatively correlated with GA-Hb (r = -0.11, p = 0.07). Alcohol intake was negatively correlated with AA-Hb (r = -0.18, p = 0.002). Neither alcohol nor BMI were significantly correlated with the sum of AA ? GA-Hb.
The adduct levels were strongly correlated with each other. The correlation was 0.69 between AA-Hb and GA-Hb, 0.92 between AA-Hb and sum of AA ? GA-Hb, and 0.91 between GA-Hb and AA ? GA-Hb (all p \ 0.0001). Adduct levels were not correlated with the length of storage of the blood samples, and mean adduct levels were similar for blood samples collected in 1998 versus 1999 and 2000. Reproducibility of acrylamide adduct measures Forty-five women in the validation group provided two blood samples at least 10 months apart. These samples were used to determine the stability of acrylamide and glycidamide adducts over time. The average age in the reproducibility subgroup was 44, and average acrylamide intake from the 1999 FFQ was 19.7 mcg/day (0.28 mcg/kg/ day). Median time between blood samples was 23 months, with a range of 10-32 months. The intraclass correlation coefficients were 0.78 for AA-Hb, 0.80 for GA-Hb, and 0.77 for AA ? GA-Hb.
Validation of FFQ acrylamide Table 3 shows the correlation between FFQ acrylamide and Hb adduct levels. Adjusting only for laboratory batch, the correlation was 0.19 (95% CI: 0.08-0.30) for AA-Hb, 0.24 (0.13-0.35) for GA-Hb, and 0.24 (0.12-0.34) for AA ? GAHb. Adjustment for energy intake improved the correlations, while adjustment for age had no effect. Correlations adjusted for age and energy intake were 0.26 (0.14-0.36) for AA-Hb, 0.31 (0.20-0.41) for GA-Hb, and 0.31 (0.20-0.41) for AA ? GA-Hb. We further adjusted correlations for BMI and alcohol intakes, as both were associated with adduct levels independent of acrylamide intake. Adjusting for such factors reduces variation in adduct levels that is unrelated to intake. This gave correlations of 0.27 (0.16-0.38) for AA-Hb, 0.33 (0.22-0.43), and 0.32 (0.21-0.42). Because we had only one blood measurement per person in the full group, the observed correlations were attenuated due to random within-person variation in the blood measures. Intraclass correlation coefficients from the reproducibility analysis were used to de-attenuate these correlations, and corrected confidence intervals were calculated using the method of Rosner and Willett [26] .
Because of the high stability of adduct levels over time, the de-attenuation only slightly improved the correlations. We conducted several analyses to investigate whether misclassification of smoking status might be affecting our results. Five women in our validation sample reported that they quit smoking between the 1997 and 1999 questionnaires. It is possible these women quit smoking shortly enough before giving a blood sample that their adduct levels still reflected cigarette exposure. However, excluding these women did not affect our correlation results. Additionally, excluding one non-smoking woman with an unusually high AA-Hb value (148 pmol/g) had no effect.
Cross-tabulation of quartiles of FFQ acrylamide and quartiles of AA ? GA-Hb are shown in Table 4 . Based on the FFQ classification, 47% of those in the lowest quartile of acrylamide intake were in the lowest quartile of AA ? GA-Hb. Of those in the highest quartile of FFQ acrylamide, 30% were in the highest quartile of AA ? GAHb. Overall, 31% of participants were classified in the same quartile for both FFQ acrylamide and acrylamide adducts. For AA-Hb alone, 29% of participants were classified in the same quartile, and for GA-Hb, 31% were classified in the same quartile. Figure 2 shows mean adduct levels according to decile of FFQ acrylamide intake. The mean sum of AA ? GA-Hb adducts was 82.4 pmol/g (SE ± 3.8) for the lowest decile of intake and 110.2 (±5.5) for the highest decile of intake.
We also conducted several stratified correlation analyses to see if the association between FFQ acrylamide and Hb adducts varied among different groups. There was no appreciable difference in correlations among women with longer and shorter times between the blood draw and the FFQ. There was also no difference between women with We performed stepwise regression to determine which of the top 20 acrylamide-contributing foods from the FFQ were most predictive of Hb adducts (Table 5 ). All models included terms for laboratory batch, age, BMI, alcohol intake, and total energy intake. Potato chips, sweet potatoes/yams, caffeinated coffee, cold breakfast cereal, French fries, prune juice, popcorn, and decaffeinated coffee were the most predictive of the sum of acrylamide and glycidamide adducts. The partial correlation between adduct levels and foods in the model ranged from 0.09 to 0.21.
Discussion
Validation of FFQ acrylamide intake
We found moderate correlations between acrylamide intakes assessed by FFQ and adduct levels of acrylamide and glycidamide. FFQ intake correlated slightly better with the sum of acrylamide and glycidamide adducts and with glycidamide adducts alone than with acrylamide adducts alone; however, the FFQ was significantly correlated with all three adduct measures.
In validating food frequency questionnaires against biomarkers of diet it is important to use a biomarker that reflects differences in dietary intakes rather than primarily reflecting differences in metabolism or homeostatic control mechanisms [25] . Hemoglobin adducts of acrylamide and glycidamide are commonly used biomarkers of acrylamide exposure in animal and human studies. Adduct levels show dose-response relationships with occupational acrylamide exposure and with tobacco use [27] [28] [29] [30] . Less work has been done with adduct levels at low exposure levels; however, it appears that dose-response relationships do exist between diet-level exposures and adduct levels in animal [31] [32] [33] and human studies (Abramsson-Zetteberg et al., to be published). Our findings are limited to women and to non-smokers. In addition, we have only one blood measurement for each participant, representing approximately the past 3-6 months of exposure. Because we are interested in long-term intake of acrylamide and its relation to cancer risk, it would be beneficial to have several blood measures over time, and to see how multiple blood measures correlate with multiple FFQs. However, the high within person correlation over time over a two-year period suggests that even a single blood measurement is a relatively good indicator of long-term intake.
Strengths of our FFQ measure of acrylamide intake include a detailed acrylamide database which includes the acrylamide content of 42 food items, twice as many as in most previous studies. In addition, the information we have on specific brands of breakfast cereals allowed us to estimate intake more accurately. This is especially important in the U.S. population where breakfast cereal is one of the major contributors to acrylamide intake [20] .
Another strength of the study is the measurement of both acrylamide and glycidamide adducts to hemoglobin.
Glycidamide is thought to be the metabolite responsible for acrylamide's carcinogenic effects [34, 35] . The degree of metabolism of acrylamide to glycidamide varies between people and with the level of acrylamide consumption [24, 36, 37] . As a result, a combined measure of acrylamide and glycidamide would seem to be the best measure of dietary acrylamide intake. Indeed, we found somewhat stronger correlations between the sum of acrylamide and glycidamide adducts and the FFQ than for acrylamide adducts alone.
Adduct levels and FFQ-calculated acrylamide intakes are not expected to be perfectly correlated. As discussed above, FFQs group multiple foods with varying acrylamide content into single items. Even within single foods, acrylamide content varies widely depending on a variety of factors. In addition, FFQs will always have some measurement error due to the limited food list, imperfect recall by participants, and variations in serving sizes. However, even without measurement error, FFQs and hemoglobin adducts would not be perfectly correlated because they measure different aspects of acrylamide exposure. FFQs estimate intake of acrylamide over the previous year, whereas hemoglobin adducts account for exposure, absorption, and metabolism of acrylamide over the previous 4 months. In addition, hemoglobin adducts are not specific to dietary acrylamide exposure. Currently it is assumed that adduct levels in non-smoking, non-occupationally exposed people reflects food acrylamide only; however, this is not known for sure. Our results therefore provide a lower bound estimate of the validity of our FFQ.
Other studies of FFQ acrylamide and adduct levels have shown mixed results. Wirfält et al. [13] , found correlations of 0.36 in smokers and 0.43 in non-smokers in the Malmö Diet and Cancer Cohort. These correlations are likely somewhat overstated because some participants were selected based on high or low consumption of acrylamiderich foods, introducing artificially large between-person variation in intake. Kütting et al. [15] found lower (0.17-0.18), but statistically significant, correlations between acrylamide adducts and FFQ acrylamide in a study of 828 non-smokers in Germany. However, these results were not adjusted for caloric intake and are quite similar to our unadjusted results. In a study of 50 people in Norway, Bjellaas et al. [14] report finding no correlation between acrylamide adducts and acrylamide intake. However, details on the calculation of acrylamide intake were not given, and age, sex, and caloric intake were not adjusted for in the correlation analysis.
The studies which adjusted for energy intake found stronger correlations between FFQ intakes and adduct levels, which may explain some of the differences in findings. Energy adjustment has the effect of putting FFQ measurements in terms of diet composition, or relative All models are adjusted for laboratory batch, age, BMI, alcohol intake, and total energy intake intake of food and nutrients, rather than in terms of absolute intake amounts. Also, adjusting for total energy intake has been shown to improve FFQ performance by reducing within-person measurement error [25] . Another possible reason for differences in findings is the variations in acrylamide adduct levels across study populations. Adduct levels were somewhat lower in the studies of Kütting et al. and Bjellaas et al. than in the other three reports. This may reflect differences in acrylamide intake and differences in adduct assays.
Reproducibility of adduct levels
The intraclass correlation coefficient for acrylamide and glycidamide adduct levels was high, suggesting that adduct levels, and likely dietary intakes, are fairly consistent over several years. There was no indication that adduct levels varied with the length of storage of blood samples, suggesting that stored blood from cohort studies is well suited to acrylamide and glycidamide adduct measurements.
In conclusion, our validation results suggest that FFQs may provide useful estimates of acrylamide intake, but the observed correlation with adducts is at the lower end of acceptable validity, probably due largely to the difficulty in capturing the details of heating of foods. Therefore, the level of measurement error present will prevent us from detecting small associations between acrylamide intake and disease risk. Our reproducibility results suggest that Hb adducts of acrylamide and glycidamide have high withinperson consistency over time and are correlated with known dietary sources of acrylamide. This suggests that a single measure of these adducts can serve as an informative biomarker of dietary acrylamide exposure in epidemiologic studies. Given the moderate correlation between FFQ acrylamide and Hb adducts, future studies combining both types of exposure measures may provide the most compelling evidence on the possible effects of dietary acrylamide.
